similar to either stony-iron meteorites or ordinary chondrites that have been altered by space weathering processes Two minor absorption bands in the visible range of the S- (McCord and Gaffey 1974, Wetherill and Chapman 1988) .
INTRODUCTION
Ten asteroids were selected from a total of 12 S-class The S asteroids are known to be the most diverse and asteroid spectra based on their high signal-to-noise ratios controversial class of asteroids. Their major absorption across the visible and near-IR spectral region. This study bands near 1 and 2 Ȑm in wavelength are consistent with sample includes S asteroids from the near-Earth populamafic silicate minerals that contain Fe 2ϩ ions such as olivine tion, the 3 : 1 Kirkwood gap both within and outside of the and pyroxene. However, the characteristic red slope of the chaotic zone, the outer part of the main asteroid belt, and S asteroid visible reflectance spectra is different from those the Cybeles. Thus, a cross section in semi-major axis of of olivine and pyroxene and somewhat similar to that of the S asteroids is represented, including asteroids located in metallic iron. Based on the presence of both mafic mineral regions of the Solar System that dynamically could supply absorptions and red spectral slopes, the surface mineral meteorites to the Earth. It is reasonable, therefore, to assemblages of the S asteroids have been interpreted as compare spectra of these asteroids with spectra of terrestrial materials and meteorites. The reflectance spectra of the selected asteroids were measured in previous studies 52-color reflectance spectra of 152 Atala and 1866 Sisyphus minimizing the square deviation () between the measured and calculated spectra: were measured by Bell et al. (1988) .
Bidirectional reflectance spectrum and the chemical composition of hercynite (Mg 0.71 (1990) . Fe-Ni metal where i indicates the wavenumber of the ith data point, powder samples were prepared from DRP78007 iron meteand N is the total number of the data points. The quality orite into size fractions of Ͻ25, 25-45, 45-75, 75-125, and of the deconvolution is measured by the root mean square 125-250 Ȑm, and their reflectance spectra were averaged deviation (RMSD) for use in this study. 
Fe 3ϩ 0.18 O 4 , Ͻ25 Ȑm) from Nye County, MT were measured for this study. Reflectance spectrum of a spinel-rich incluAfter deconvolving each asteroid spectrum by the above sion of Barea mesosiderite slab was also measured, which method, artificial random noise was added to the solution is the only nonpowder sample in this study. Reflectance spectrum as a simulation of noise introduced during the spectra of olivine, pyroxene, plagioclase, goethite, and heobservation of the asteroid, and the spectrum was deconmatite were taken from the RELAB data base. All the volved again to estimate the error ranges of the band pareflectance spectra of the above samples were measured rameters (center, width, and strength). The artificial noise with the RELAB spectrometer. The details of RELAB was generated based on a normal (Gaussian) distribution are described in Pieters (1983) .
with the same standard deviation as the residual errors of the deconvolution of the asteroid spectrum. The above
METHOD OF ANALYZING
procedure was repeated 10 times in order to estimate the REFLECTANCE SPECTRA standard deviations of the band parameters. The measured reflectance spectra were deconvolved into 4. CHARACTERIZATION OF THE S-ASTEROID MINOR their constituent absorption bands according to the modi-
ABSORPTION BANDS
fied Gaussian model (Sunshine et al. 1990, Sunshine and Pieters 1993) . The natural logarithm of each reflectance
The results of the deconvolutions of the S-asteroid respectrum is modeled as a superposition of a series of modiflectance spectra are shown in Fig. 1 . The observed asteroid fied Gaussian distributions representing absorption bands spectrum, the background, and the fitted spectrum are and a background that is linear as a function of wavevertically shifted for an appropriate common value, and number the residual error spectrum is shown above the zero-line in each plot of Fig. 1 . The RMSD values calculated by Eq. log R( ) Х f ( ) ϭ c 0 (4) and the obtained parameters of the absorption bands in the wavelength range of 0.57-0.7 Ȑm are listed in Table I .
Asteroid 483 Seppina has no discernible absorption band except for the strong band near 1 Ȑm common to all the S asteroids. Modeling of this asteroid spectrum supports where R( ) indicates the measured reflectance at wavethe assumption that the background function is linear to number , c 0 and c 1 are constants for the background funcenergy in the wavelength range covering 0.5 to 0.7 Ȑm. tion, and the band parameters Ȑ, , and s shall be called Asteroid 797 Montana has extremely weak absorption the absorption-band center, half-width, and strength, rebands in the 0.57-0.7 Ȑm range if there are any. The other spectively. Because each term in Eq. (1) is dimensionless, asteroids have much clearer absorption bands around 0.60 c 0 and s are also dimensionless, and c 1 , Ȑ, and have a and 0.67 Ȑm. dimension of wavelength. Note that the band strength s is
The above-obtained band centers and widths, and their always negative. The full width at half maximum (FWHM) errors are plotted in Fig. 2a . The band centers and widths can be obtained from by are consistently located in two areas around 0.60-and 0.67-Ȑm. The band widths of the 0.67-Ȑm band seem to be FWHM ϭ 2͙2 log 2 и Ӏ 2.35482
(2) slightly wider than those of the 0.60-Ȑm band. Their band strengths are also plotted in Fig. 2b . There seems to be a trend in the band strengths between the 0.60 and 0.67-(e.g., Huguenin and Jones 1986), and will be simply called the bandwidth. The parameters in Eq. (1) are optimized by Ȑm bands. The linear correlation coefficient is 0.67. This and magnetite do not show any clear absorption bands corresponding to any of these S-asteroid bands. The particular Fe-Ni metal in Fig. 3 has a band around 0.60 Ȑm and another broadband that extends from 0.68 Ȑm to a longer wavelength around 0.9 Ȑm. The same features are seen in the spectra of Odessa iron meteorite in Cloutis et al. (1990) . These Fe-Ni bands are likely to be due to its oxidization, although heavily oxidized iron compounds such as goethite and hematite do not have a 0.60-Ȑm band. Goethite and hematite have a very strong band around 0.67 Ȑm (note that their spectra are scaled by in Fig. 3 ). Spinel-group minerals such as chromite, hercynite, and a spinel-rich inclusion in mesosiderite show absorption bands near the S-asteroid band areas. Chromite has a 0.6-Ȑm band and a composite band around 0.68 Ȑm. Hercynite possibly has two very shallow bands around the same regions as chromite. Spinel-rich inclusion has a clear 0.60-Ȑm band. Therefore, oxidized iron compounds and spinel-group minerals seem to be the best candidates for the S-asteroid minor absorption bands.
In order to compare these mineral candidates with the S-asteroid spectra, the same deconvolutions were performed for the spectra of the minerals. Because the laboratory reflectance spectra of the minerals were measured across wider wavelength ranges than the S asteroids in this study, an appropriate wavelength range for deconvolution was chosen individually for each of the minerals to determine a good set of initial background parameters. The deconvolved spectra are shown in Fig. 4 , and the calculated background parameters and the band parameters for the bands from 0.57 to 0.70 Ȑm are listed in Table II. The above obtained band centers and widths of the candidate minerals are plotted with those of the S-asteroid minor absorption bands in group minerals could produce these minor bands of the S asteroids. However, a wide range reflectance spectrum (e.g., 0.4-2.5 Ȑm) must be consistent with the existence of relationship suggests that both bands are due to the same a particular material. As for the amount of such minor or similar processes or mineral constituent in the S-asteroid minerals, a rough estimate can be done by comparing the surface regoliths.
absorption band strengths of the S asteroids and the candidate minerals. If chromite is solely responsible for the 0.60-and 0.67-Ȑm bands of the S asteroids, chromite abundance
MINERAL CANDIDATES FOR THE S-ASTEROID
can be roughly estimated by dividing the average S-asteroid
MINOR BANDS
band strengths (Ϫ0.017 at 0.60 Ȑm, Ϫ0.016 at 0.67 Ȑm) in Table I by the chromite band strengths (Ϫ0.1610 at 0.60 Shown in Fig. 3 are the laboratory reflectance spectra of some common geologic minerals. The patterned areas Ȑm, Ϫ0.0214-0.991 ϭ Ϫ0.1205 at 0.67 Ȑm) in Table II, resulting in 11 to 13 volume %. around 0.6 and 0.67 Ȑm indicate the band center ranges of the S-asteroid minor bands. Olivine, pyroxene, plagioclase, Shown in Fig. 6 are two of the studied S-asteroid spectra Note. Only the bands in the wavelength range of 0.57-0.70 Ȑm are listed. The standard deviations of the band parameters (the last digits are given in parenetheses) were estimated from the simulated noise based on the RMSD between the observed and the deconvolved reflectance spectra in the natural logarithm scale.
that have 52-color spectra in comparison with those of Ȑm in the olivine and pyroxene spectra seen in Fig. 3 may be detectable in high-resolution S-type spectra between Fe-Ni metal, hematite, and chromite. Spectra of these minerals are scaled so that they show the same strengths the 0.60-and 0.67-Ȑm bands. However, the visible-range bands of Fe-Ni metal, iron oxides, and chromite are much of the 0.60-and 0.67-Ȑm bands as the S-asteroids. As can be seen from Fig. 6 , chromite has a very strong, broadband stronger than the 0.64-Ȑm band of olivine and pyroxene, making such detection difficult. Also, the visible-range abaround 2.2 Ȑm. Only two S asteroids, 387 Aquitania and 980 Anacostia, are known to have such a feature, indicating sorption bands of these silicates may have been suppressed as in the spectra of lunar regoliths. their spinel-bearing surface compositions (Burbine et al. 1992) . High-resolution visible reflectance spectrum of 387
The latter explanation is consistent with the spaceweathering hypothesis as the cause of the S-asteroid red Aquitania by Sawyer (1991) seems to show no clear bands in the visible range. However, such apparent absence of continuum slope because the slope is very steep around the visible range but becomes flat in the near-infrared the 0.60-and 0.67-Ȑm bands does not disqualify spinel as the cause of these bands because some spinel minerals range around 1.5 Ȑm (Clark and Hiroi 1994) . If such spaceweathering process affects visible-range reflectance spectra such as hercynite in Fig. 3 do not show any clear visible of mafic silicates more than their near-infrared spectra, the bands. No high-resolution visible spectrum is available for visible bands of olivine and pyroxene could become erased 980 Anacostia. Because most S-asteroid spectra do not or very weak compared with their 1-Ȑm bands. If space have such a feature except for these two, spinel-group weathering on the S asteroids involves formation of submiminerals must be at most minor constituents in the Scroscopic particles such as metallic iron detected in lunar asteroid surface regoliths. However, some good combinasoils, the effect of such space weathering should be greater tions of Fe-Ni metal and spinel-group minerals may be as wavelength become shorter, approaching the typical able to produce S-asteroid continua because many S-asterparticle size of the weathering products (Fischer and oid spectra have a flat continuum profile beyond 1.5 Ȑm Pieters 1995). unlike Fe-Ni metal (Clark and Hiroi 1994) . Hematite also Vilas and McFadden (1992) also discovered the 0.60-has a very flat spectrum around 0.5 Ȑm and shortward, and 0.67-Ȑm bands of asteroid 1 Ceres measured in the differing from the steeply red S-asteroid spectra in that same way with the S asteroids in this study. As was menwavelength region.
tioned in their paper, these bands of Ceres may be due to aqueous alteration of its surface minerals, which is consis-6. DISCUSSION tent with our oxidized iron hypothesis. However, as we do The broad, strong absorption band around 0.9 to 1.0 Ȑm not know much about the mineral composition of Ceres, in the S-asteroid reflectance spectra is believed to be due possibility of spinel-group minerals cannot be excluded. tween the 0.60 and 0.67 Ȑm band strengths and the spinel abundance could be found from their spectra because the NIR spectra are needed to clearly estimate the spinel abundances.
The idea that oxidized iron compounds may exist on the chromite crystals in it. However, no clear correlation be- Note. Only the bands in the wavelength range of 0.57-0.7 Ȑm are listed. The standard deviations of the band parameters are much smaller than those in Table I. S asteroids is unusual if the S asteroids are differentiated alteration and that some of them survived in their outer shells which were not as extensively heated as their internal cores. As for spinel-group minerals as a candidate for the Sany known chondrites including the CV3 chondrites. Also asteroid minor absorption bands, spinel-bearing asteroids among the meteorite collections, a primitive achondrite have been identified among the S class based on their EET84302 has been recently found to have a chromiteabsorption-band features around 1 and 2 Ȑm (Burbine rich phase (Takeda et al. 1993) . Together with the existence et al. 1992), which indicate greater spinel abundances than of spinel-rich CAIs in chondrites and spinel-rich inclusions in stony irons such as Barea mesosiderite, these new findings suggest that spinel-group minerals may not be rare on minor planets.
CONCLUSIONS
(1) Nine of the 10 S asteroids studied consistently show at least two minor absorption bands, centered near 0.60 and 0.67 Ȑm.
(2) Because the band strengths of 0.60-and 0.67-Ȑm bands appear to be correlated, they are likely to be due to the same or similar process or mineral constituent in the S-asteroid surface regoliths.
(3) Among the test common geologic minerals, oxidized iron compounds and spinel-group minerals are the best candidates responsible for the S-asteroid minor absorption bands.
